Introduction
============

Amid rapid expansion of research endeavor into nanoscale materials, atomically precise metal nanoclusters have attracted considerable interest.[@cit1] They not only motivate continuous efforts in the chemical community to achieve ever-evolving compositional and structural complexity, but also serve as an inspiration to materials scientists due to their use in a variety of emerging technological applications.[@cit2] In particular, their precise structural nature facilitates deeper understanding of the structure--property relationship, which has direct ramifications for design of functional nanomaterials.[@cit3],[@cit4]

In this regard, the copper alkynyl nanoclusters constitute a good research platform owing to their versatile self-assembled nanostructures and appealing physio-chemical properties in photoluminescence, catalysis, biomedical sensing and electronics.[@cit5] However, such a goal is currently far from reach. For example, while it is presumed that copper alkynyl nanoclusters would exhibit exotic photoluminescence performances, relevant investigations are very preliminary, and key studies are still mechanistic in nature.[@cit5] Nevertheless, some impressive progress has been made in the recent literature. Scott and Hayton reported \[Cu~20~(PhC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C)~12~(OAc)~6~\] as an effective catalyst for \[3 + 2\] cycloadditions between alkynes and azides.[@cit6] Zheng reported that \[Cu~53~(CF~3~COO)~10~(^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C)~20~Cl~2~H~18~\]^+^ was used as an effective precursor to generate γ-CuI films as perovskite solar cells.[@cit7] These results imply the potentiality of diversified yet underexplored attributes of copper alkynyl nanoclusters.

We have previously established a comproportionation reaction methodology and focused on the structural role of anionic species to enhance the size and nuclearity of copper([i]{.smallcaps}) alkynyl nanoclusters.[@cit8] In this work, we make inroads to comparative synthesis of valence-pure and mixed-valence copper nanoclusters that exhibit metal-core dependent material properties *via* a charge-transfer mechanism, which enables new understanding of their structure--property relationship.

Initially, the comproportionation reaction furnished nanoclusters \[Cu([i]{.smallcaps})~15~(^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C)~14~NO~3~\] (**1**) and \[Cu([i]{.smallcaps})~28~(^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C)~22~(SO~4~)~2~(OMe)~2~\] (**2**). They were revealed to exhibit NIR photoluminescence mainly from the mixed alkynyl → Cu([i]{.smallcaps}) LMCT and cluster-centered transition and further exhibit TADF. To the best of our knowledge, **1** and **2** constitute the first examples of coinage-metal nanoclusters displaying NIR TADF. Subsequently, a vanadate-assisted approach to *in situ* generate a nucleating Cu([ii]{.smallcaps}) cation was developed in conjugation with the comproportionation reaction to assemble {\[Cu([ii]{.smallcaps})O~6~\]\@Cu([i]{.smallcaps})~47~(^*i*^PrC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C)~33~}(ClO~4~)~4~ (**3**) and {\[Cu([ii]{.smallcaps})O~4~\]\[VO~4~\]~2~\@Cu([i]{.smallcaps})~46~(^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C)~27~(^*t*^BuPO~3~)~2~(H~2~O)}(BF~4~)~3~(CH~2~Cl~2~)~2~(Et~2~O)~2~(H~2~O) (**4**). While interstitial incorporation of Cu([ii]{.smallcaps}) triggers IVCT from Cu([i]{.smallcaps}) to Cu([ii]{.smallcaps}) to quench the photoluminescence of **3** and **4**, such a process facilitates charge mobility to render them semiconductive. Overall, metal-core modification originating from the interplay of the charge-transfer process causes a switch from TADF to semiconductivity. Such pros and cons effect of Cu([ii]{.smallcaps}) cations on cluster properties not only advances our knowledge on the structure--property relationship of atomically precise metal nanoclutructursters, but also provides a potential route to tailor future development of function-specific nanoclusters.

Results and discussion
======================

Synthesis and characterization
------------------------------

While the structures of nanoclusters dictate their physio-chemical behavior,[@cit9] a systematic synthetic study based on a proven methodology is not just a routine exercise, but it aims to obtain novel nanoclusters with desirable properties. Herein, screening the Cu([ii]{.smallcaps}) source of the comproportionation reaction Cu(0)/Cu([ii]{.smallcaps})/^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000CH furnished two valence-pure Cu([i]{.smallcaps}) nanoclusters ([Scheme 1](#sch1){ref-type="fig"}, upper part). Use of Cu([ii]{.smallcaps}) (NO~3~)~2~ at room temperature yielded red crystals of \[Cu([i]{.smallcaps})~15~(^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C)~14~NO~3~\] (**1**). During revision of this manuscript, synthesis of **1** was reported by Xie and Lu.[@cit10] Single-crystal X-ray diffraction analysis (SCXD) revealed that the Cu([i]{.smallcaps})~15~ (**C1**) core of **1** is stabilized by 14 alkynyl ligands and one μ-κO:κO′ NO~3~^--^ with Cu([i]{.smallcaps})--O bond lengths of 2.169 and 2.379 Å ([Fig. 1a](#fig1){ref-type="fig"}). By using Cu([ii]{.smallcaps})SO~4~ in the solvothermal reaction, \[Cu([i]{.smallcaps})~28~(^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C)~22~(SO~4~)~2~(OMe)~2~\] (**2**) was obtained as yellow crystals. Notably, **2** cannot be obtained without solvothermal treatment, presumably because its formation involving deprotonation of MeOH to the MeO^--^ bridging ligand does not readily occur under ambient conditions. As shown in [Fig. 1b](#fig1){ref-type="fig"}, in addition to 22 alkynyl ligands, two μ~3~-MeO^--^ and two μ~3~-κO:κO′:κO′′ SO~4~^2--^ ligands cap the respective central and terminal section of the Cu([i]{.smallcaps})~28~ (**C2**) core to assemble **2** as an elongated nanorod. In addition to its significant structural diversity, **2** also represents the highest-nuclearity Cu([i]{.smallcaps}) alkynyl cluster assembled without an interstitial species.[@cit5d] The Cu([i]{.smallcaps})--O bond distances span the range 1.925--2.140 Å.

![Upper: synthetic routes of copper nanoclusters **1--4**. Lower: the vanadate-induced formation pathway of the nucleating Cu([ii]{.smallcaps}) cation in **3** and **4**.](c9sc03455b-s1){#sch1}

![Molecular structures of (a) **1**; (b) **2**.](c9sc03455b-f1){#fig1}

Based on the comproportionation reaction to form Cu([i]{.smallcaps}) nanoclusters, we have previously introduced polyoxomolybdate (POMo) to synthesize POMo\@Cu([i]{.smallcaps}) nanoclusters.[@cit8a] Herein, an attempt to introduce polyoxovanadate (POV)[@cit11] by using Na~3~VO~4~/^*t*^BuPO~3~H~2~ yielded unprecedented Cu([ii]{.smallcaps})-containing Cu([i]{.smallcaps}) nanoclusters **3** and **4** ([Scheme 1](#sch1){ref-type="fig"}, upper part). Control experiments were conducted to probe the formation path for the Cu([ii]{.smallcaps}) cation. As illustrated in the lower part of [Scheme 1](#sch1){ref-type="fig"}, in step (i) Na~3~VO~4~/^*t*^BuPO~3~H~2~ reacted to form a decavanadate hydronium compound \[V~10~O~28~\]~2~·\[H~3~O\]~12~, which has not been reported prior to this work; in step (ii) \[V~10~O~28~\]~2~·\[H~3~O\]~12~ oxidized Cu(0) to *in situ* generate Cu([ii]{.smallcaps}) (see details in the ESI[†](#fn1){ref-type="fn"}). The Cu([ii]{.smallcaps}) generated *via* such a POV-assisted route consequently serves as a nucleating cation to form the mixed-valence nanoclusters **3** and **4**.

In the synthesis of **3**, a one-pot reaction of Na~3~VO~4~/^*t*^BuPO~3~H~2~ and Cu(0)/Cu([ii]{.smallcaps})(ClO~4~)~2~/^*i*^PrC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000CH in methanol yielded a yellow precipitate that was re-dissolved in dichloromethane, to which slow diffusion of diethyl ether afforded deep red crystals of {\[Cu([ii]{.smallcaps})O~6~\]\@Cu([i]{.smallcaps})~47~(^*i*^PrC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C)~33~}·(ClO~4~)~4~ (**3**). As shown in [Fig. 2a](#fig2){ref-type="fig"}, the central Cu([ii]{.smallcaps}) cation, Cu1, is stabilized within the Cu([i]{.smallcaps}) shell by forming Cu([i]{.smallcaps})--O--Cu([ii]{.smallcaps}) bonding interactions (Fig. S12[†](#fn1){ref-type="fn"}). The octahedral coordination environment of Cu1 exhibits significant Jahn--Teller distortion (Fig. S12[†](#fn1){ref-type="fn"}), where atoms O1--O4 are equatorial donors with Cu([ii]{.smallcaps})--O bond lengths of 1.940--1.957 Å, and O5 and O6 are axial donors with elongated distances of 2.325 and 2.635 Å, respectively. Bond-valence sum (BVS) calculation gives a calculated value of 2.18 for Cu1 (Table S2[†](#fn1){ref-type="fn"}).[@cit12] The +II oxidation state of Cu1 is further confirmed by the EPR spectrum ([Fig. 2b](#fig2){ref-type="fig"}), where it shows four-line splitting with *g*~‖~ (2.310) \> *g*~⊥~ (2.053) \> *g*~e~ (2.0023), and *A*~‖~ = 135 G typical of Cu([ii]{.smallcaps}) axial signals in the d~*x*^2^--*y*^2^~ ground state,[@cit13] which is in accordance with the elongated octahedral coordination geometry of Cu1. This {\[Cu([ii]{.smallcaps})O~6~\]\@Cu([i]{.smallcaps})~47~} (**C3**) core is shielded by 33 peripheral ^*i*^PrC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C^--^ ligands ([Fig. 2a](#fig2){ref-type="fig"}).

![Molecular structures of (a) **3**; (c) **4**. The Cu([ii]{.smallcaps})--O--Cu([i]{.smallcaps}) bonding interactions in **3** and **4** are highlighted as thicker bonds. (b) EPR spectra of **3** and **4**. Black and red lines represent the experimental and simulated EPR patterns, respectively.](c9sc03455b-f2){#fig2}

In light of the alkynyl ligand effect on cluster assembly, ^*i*^PrC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000CH was replaced by ^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000CH in the synthesis. Accordingly, the reaction of Na~3~VO~4~/^*t*^BuPO~3~H~2~ with Cu(0)/Cu([ii]{.smallcaps})(BF~4~)~2~/^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000CH yielded a disparate nanocluster {\[Cu([ii]{.smallcaps})O~4~\]·\[VO~4~\]~2~\@Cu([i]{.smallcaps})~46~(^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C)~27~(^*t*^BuPO~3~)~2~(H~2~O)}·(BF~4~)~3~·(CH~2~Cl~2~)~2~·(Et~2~O)~2~·(H~2~O) (**4**). As seen in [Fig. 2c](#fig2){ref-type="fig"}, Cu1 is also encased inside the cavity of the nanocluster that is sandwiched by two \[VO~4~\]^3--^ anions. It exhibits a distorted square-planar coordination geometry with Cu([ii]{.smallcaps})--O bond lengths of 1.913(6)--1.945(6) Å (Fig. S12[†](#fn1){ref-type="fn"}), and BVS analysis supports its +II oxidation state (calc. 2.04, Table S2[†](#fn1){ref-type="fn"}). In the EPR spectrum of **4** ([Fig. 2b](#fig2){ref-type="fig"}), the axial signals *g*~‖~ (2.280) \> *g*~⊥~ (2.040) \> *g*~e~ (2.0023) and *A*~‖~ = 150 G are in agreement with the observed coordination environment of Cu1. Extensive Cu([i]{.smallcaps})--O--Cu([ii]{.smallcaps}) connectivity (Fig. S12[†](#fn1){ref-type="fn"}) consolidates the {\[Cu([ii]{.smallcaps})O~4~\]·\[VO~4~\]~2~}\@Cu([i]{.smallcaps})~46~ (**C4**) core, which is further protected by 27 ^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C^--^ and 2 μ~4~-*κ*O:*κ*O′:κO′:κO′′ ^*t*^BuPO~3~^2--^ peripheral struts.

Photophysical and optical properties
------------------------------------

The valence-pure **1** and **2**, and mixed-valence **3** and **4** offer a new basis to explore the structure--property relationship. In this vein, photoluminescence as one of the most important properties was first studied. As a result, while valence-pure nanoclusters show NIR TADF, mixed-valence ones do not emit, indicating that incorporation of Cu([ii]{.smallcaps}) has quenched the photoluminescence. [Fig. 3a and d](#fig3){ref-type="fig"} show the 3D excitation--emission correlation spectra recorded for crystalline samples of **1** and **2** at 298 K, which exhibit excitation windows with maximum wavelengths at 500 and 475 nm, respectively. In their temperature-dependent emission profiles, while **1** largely blue-shifted upon increasing temperature, **2** only exhibited a marginal blue-shift. As shown in [Fig. 3b](#fig3){ref-type="fig"}, upon excitation at 500 nm at 77 K, **1** featured a board NIR emission band centered at 871 nm. With increasing temperature, a continuous bathochromic effect occurred to afford at 398 K an emission maximum at 731 nm. The luminescence intensity grew persistently from 77 K to peak at 298 K and then started to decline, where the identifiable emission maximum at 731 nm was observed at 398 K. When heated from 77 to 328 K, the emission maximum of **2** blue-shifted from 748 to 738 nm ([Fig. 3e](#fig3){ref-type="fig"}). In this process, the luminescence intensity increased from 77 K to culminate at 208 K and then decreased. Above 328 K, luminescence became too weak to be identified.

![3D Excitation-emission correlation spectra of (a) **1** and (d) **2** monitored in the solid state at 298 K. Temperature-dependent emission profiles of (b) **1** and (e) **2**. Temperature-dependent emission decay time of (c) **1** and (f) **2**; the solid line represents Boltzmann fitting to the experimental data.](c9sc03455b-f3){#fig3}

The blue-shifting trend with increasing temperature is suggestive of a TADF mechanism for Cu([i]{.smallcaps}) clusters **1** and **2**.[@cit14] In this context, the temperature-dependent emission decay time was measured ([Fig. 3c and f](#fig3){ref-type="fig"}), and their correlation was studied with the Boltzmann equation derived from the TADF model:![](c9sc03455b-t1.jpg){#ugt1}where *τ*, *τ*(S~1~), *τ*(T~1~), *k*~B~, Δ*E*(S~1~ -- T~1~) and T represent the observed lifetime, singlet state decay lifetime, triplet state decay lifetime, Boltzmann constant, singlet-triplet energy separation and temperature, respectively. The crucial parameter of singlet-triplet energy separation Δ*E*(S~1~ -- T~1~) is generally required to be \<3000 cm^--1^/0.37 eV for occurrence of TADF.[@cit14],[@cit15] As a result, data fitting gave Δ*E*(S~1~ -- T~1~) = 1200 cm^--1^/0.15 eV, *τ*(T~1~) = 25 μs and *τ*(S~1~) = 14 ns for **1**. For **2**, values of Δ*E*(S~1~ -- T~1~) = 380 cm^--1^/0.047 eV, *τ*(T~1~) = 33.5 μs and *τ*(S~1~) = 115 ns were extracted. These values demonstrate that TADF occurred with reverse intersystem crossing (RISC) from the triplet state T~1~ to the singlet manifold S~1~. Furthermore, variation of emission intensity as a function of temperature also substantiates an equilibrium between the T~1~ state and S~1~ state.[@cit16] As mentioned above, the emission intensity shows a bell shape from low to high temperature ([Fig. 3b and e](#fig3){ref-type="fig"}). This is due to up-conversion of the T~1~ to S~1~ state upon increasing the temperature (increasing intensity), followed by thermal vibration to depopulate the excited state at higher temperature (decreasing intensity). It is worth noting that **1** and **2** represent the first examples of high-nuclearity metal clusters displaying NIR TADF, and this implies that the photoluminescence attributes of Cu([i]{.smallcaps}) alkynyl nanoclusters are favorable.

DFT calculations were performed with the Vienna *Ab initio* Simulation Package (VASP)[@cit17] to gain insight into the photophysical properties of **1** and **2**, where their whole molecular structures remained intact. The Perdew--Burke--Ernzerhof (PBE) exchange-correlation functional and projector augmented wave (PAW) method were employed with an energy cutoff of 500.0 eV.[@cit18] For computational efficiency, a single nanocluster of **1** and **2** was extracted and padded with 10 Å in *x*, *y*, and *z* directions, and the gamma point was used to sample the Brillouin zone. The optimized geometries of the ground state of **1** and **2** are comparable to those determined by X-ray crystallographic analysis. For example, the computed structure of **1** gave bond lengths of Cu12--O1 2.348 and Cu12--O2 2.118 Å, which are close to the respective values of 2.379 and 2.169 Å in the crystal structure. The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of **1** and **2** are shown in [Fig. 4](#fig4){ref-type="fig"}. For **1**, the HOMO is predominately distributed over the nitrate oxygen atoms and their coordinated Cu([i]{.smallcaps}) atoms, whereas the LUMO resides on the remaining Cu([i]{.smallcaps}) atoms with some population on the ^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C^--^ ligands. For **2**, the HOMO is dominated by the sulfate oxygen atoms and their coordinated Cu([i]{.smallcaps}) atoms and ^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C^--^ ligands, and the LUMO is contributed by Cu([i]{.smallcaps}) atoms and ^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C^--^ ligands. Thus the emissions of **1** and **2** originating from LUMO to HOMO charge transfer mainly involve a mixed ^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C^--^ → Cu([i]{.smallcaps}) LMCT and cluster-centered transition. This result is in agreement with that of \[Cu([i]{.smallcaps})~15~(^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C)~10~(CF~3~COO)~5~\]·^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000CH reported by Sun.[@cit19]

![Frontier molecular orbitals of **1** (upper) and **2** (lower) at the ground state.](c9sc03455b-f4){#fig4}

To contextualize the quenching effect of Cu([ii]{.smallcaps}) on photoluminescence properties, we compared the optical properties of **1--2** with **3--4**. [Fig. 5](#fig5){ref-type="fig"} shows the UV-Vis-NIR spectra measured in the solid state. While **1** and **2** show no indication of NIR absorption, **3** and **4** exhibit prominent bands in the NIR region 700--1200 nm, which evidently stem from incorporation of Cu([ii]{.smallcaps}). According to the DFT calculation and reported metal alkynyl clusters, the visible-light absorption in 300--600 nm for **1--4** is attributed to various charge transfer transitions including π → π\* acetylide, cluster-centered, MLCT and LMCT interactions.[@cit19a],[@cit20] In contrast, the NIR absorption of **3** and **4** is assigned to IVCT from Cu([i]{.smallcaps}) (3d^10^) to Cu([ii]{.smallcaps}) (3d^9^). Such IVCT was achieved by the Cu([i]{.smallcaps})--O--Cu([ii]{.smallcaps}) linkage as described above.[@cit20] The fact that **3** and **4** do not emit also provides spectral evidence for a charge-transfer quenching mechanism, that is, the characteristic photoluminescence of **3** and **4** originating from the alkynyl → Cu([i]{.smallcaps}) LMCT and cluster-centered transition was switched off by the subsequent Cu([i]{.smallcaps}) → Cu([ii]{.smallcaps}) IVCT transition.[@cit21]

![UV-Vis-NIR diffuse reflectance spectra of **1--4** measured in the solid state. Inset: appearance of single crystals under ambient light.](c9sc03455b-f5){#fig5}

Dielectric and electrical properties
------------------------------------

The divergent photophysical properties of **1--2** from **3--4** demonstrate that their metal cores tailor the materials\' bulk behavior. This prompts us to further explore their dielectric and electrical properties, which have been less studied in metal nanoclusters owing to their instability in the fabrication of high-quality thin films.[@cit22] In this vein, bulk crystalline samples of **1--4** were each prepared as a pellet and sandwiched between Cu and Al electrodes to fabricate an electronic device for measurements ([Fig. 6a](#fig6){ref-type="fig"}). As shown in [Fig. 6b](#fig6){ref-type="fig"}, **1** and **2** display frequency-independent dielectric behavior with a dielectric constant of about 5.0, which corresponds to a low-dielectric state. By contrast, drastic response to frequency was detected from 10^3^ and 10^2^ Hz for **3** and **4**, which gave at 20 Hz high dielectric constants of 3800 and 1500, respectively. For reference, \[Cu([i]{.smallcaps})~17~(^*t*^BuC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C)~16~MeOH\]·BF~4~ with a cation--anion structure showed similar dielectric behavior to neutral nanoclusters **1** and **2** (Fig. S11[†](#fn1){ref-type="fn"}). This excludes the possibility that the high-dielectric state of **3** and **4** originates from cation/anion movement under an applied electric field. Instead, it is attributed to interfacial polarization dictated by the presence/distribution of Cu([ii]{.smallcaps}) cations and O^2--^ anions with large dipole moments.

![(a) Fabrication of an electronic device for dielectric and electrical measurements. (b) Frequency-dependent dielectric constants of **1--4** recorded at room temperature. (c) Current--voltage curves recorded at room temperature. (d) Temperature-dependent electrical conductivity; straight lines represent Arrhenius fitting to the experimental data.](c9sc03455b-f6){#fig6}

The temperature-dependent electrical conductivities of **1--4** were measured using a two-probe current--voltage (*I*--*V*) technique. At ambient temperature, **1** and **2** show low conductivities of 3.19 × 10^--11^ and 6.09 × 10^--11^ S m^--1^, which upon increasing the temperature to 100 °C increased to 2.57 × 10^--8^ and 2.29 × 10^--9^ S m^--1^, respectively. The *I*--*V* curves show a linear characteristic in the measured temperature range ([Fig. 6c](#fig6){ref-type="fig"}). As seen in [Fig. 6d](#fig6){ref-type="fig"}, the corresponding Arrhenius fit to data in the linear regime provides activation energies of 1.06 eV for **1** and 0.97 eV for **2**, suggesting that both are electrical insulators. In contrast, the ambient temperature conductivities of **3** and **4** are significantly higher at 1.01 × 10^--6^ and 1.24 × 10^--8^ S m^--1^ and enhanced over a temperature range of 80 °C to attain 2.33 × 10^--5^ and 9.04 × 10^--7^ S m^--1^, respectively. As such, **3** and **4** show two to four orders of magnitude increased ambient-temperature conductivities over **1** and **2**. The logarithm of conductivity and inverse temperature displays a linear relationship, which indicates that **3** and **4** are thermally activated semiconductors. The activation energy was fitted to be 0.40 eV for **3** and 0.47 eV for **4**. The electrical conductivities of **3** and **4** are comparable to those of semiconductive Cu([ii]{.smallcaps}) materials with moderate conductivity.[@cit23] Their enhanced electrical conductivities are likely due to interstitial incorporation of a Cu([ii]{.smallcaps}) cation as the electron acceptor to trigger IVCT that follows LMCT to facilitate charge mobility,[@cit24] where the Cu([ii]{.smallcaps}) cation should be chemically stabilized by ligand oxygen atoms within the Cu([i]{.smallcaps}) shell. These results suggest that the electrical nature of Cu([i]{.smallcaps}) nanoclusters can be modified by incorporating a trace amount of Cu([ii]{.smallcaps}) as the dopant, which may facilitate the search for suitable metal nanoclusters as new semiconducting materials.

Conclusions
===========

In summary, we have prepared mixed-valence Cu([ii]{.smallcaps})/Cu([i]{.smallcaps}) nanoclusters *via* a vanadate-assisted oxidative procedure for comparison with related valence-pure Cu([i]{.smallcaps}) nanoclusters. The charge-transfer processes occurring within these two types of nanoclusters dominate their photophysical, dielectric and electrical properties. Particularly, while the valence-pure nanoclusters exhibit near-infrared thermally activated delayed fluorescence, the mixed-valence ones display semiconductivity. These results not only demonstrate the feasibility to modify the metal core to engender distinct desirable properties, but also facilitate rationalization of the structure--property relationship for future development of function-specific metal nanoclusters.
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